C9HI2N205 S is in space group P21, with a = 15.434 (2), b = 7.4381 (5), c = 14.818 (2) /~,, fl = 110.45 (1) °, Z = 6, D c = 1.627, D O = 1.60(3) Mg m -a, V = 1593.9 A 3, M r = 260.3, 2(Mo Kal) = 0.70926/~, T = 297 + 1 K, F(000) = 816. The crystal structure of 4-thiopseudouridine, a thio-substituted derivative of the minor transfer RNA nucleoside pseudouridine, has been determined. The structure was solved by direct methods, but the determination was hampered by a high degree of pseudosymmetry in the crystal. The correct structure was chosen by refinement to an R of 0.043 for the 3972 significant data. The molecules are packed head to head and tail to tail, with the riboses hydrogen bonded and the bases stacked and hydrogen bonded in ribbons. The three independent molecules display no unusual conformational parameters.
Introduction
Pseudouridine is unique among the nucleosides in RNA in having a C-C 'glycosidic' bond, which gives it structural properties different from those of uridine. The synthetic nucleoside 4-thiopseudouridine has been shown by Wigler, Bindslev & Breitman (1974) to inhibit the growth of Escherichia coli (strain BSRU) when the cells are grown on pseudouridine. Wigler et al. have proposed that a metabolite of 4-thiopseudouridine, presumably the nucleotide, is an inhibitor of the enzyme pseudouridylate synthetase, which catalyzes the key reaction in the only known salvage pathway for pseudouridine 5'-phosphate (Solomon & Breitman, 1971) , the conversion of pseudouridine 5'-phosphate to uridine 5'-phosphate. This study was undertaken to determine the conformational features of the 4-thio-substituted pseudouridine for comparison with pseudouridine and with other thio-substituted pyrimidines. Our interest in this project was heightened when preliminary film studies indicated the presence of three independent molecules in the asymmetric unit, for space group P21, which, according to our own experience and a recent survey (Belsky & Zorkii, 1977) , is an uncommon occurrence. Experimental 0,0, 3 were assigned to the same block during refinement. Each intensity was assigned a variance, 02(I), based on counting statistics, plus a term, Table 1 . Positional and thermal parameters (x 104) for the twn-hydrogen atoms
The isotropic temperature factor is expl-8zr~U(sinO/2)2]; the values given are the arithmetic averages of the principle components of the anisotropic temperature factors. Standard deviations in units of the last significant digits are given in parentheses. 4-Thiopseudouridine was synthesized according to x Wigler et al. (1974) and purified by chromatography MoleculeA (Uziel, Koh & Cohn, 1968 Woolfson, 1978) . The phase set with the N(1) 960 highest combined figure of merit gave a plausible c(2) 623 fraction of the structure, which produced more of the o(2) 59 structure when used in the Karle (1968) -245 eventually refined to an R of 0.043. This structural N(3) 618 pseudosymmetry is remarkably similar to that observed c(4) 1248 by van Zoeren, Oonk & Kroon (1978) in the structure s 1572 of L-pyroglutamic acid in the space group P212~2~, with c(5) 1585 Z = 12. c(6) 1280 C(l') 2286 Anisotropic refinement of the non-hydrogen atoms c(2') 3293 was performed by the least-squares method with the o(2') 3731 matrix in six blocks. The H atoms were located by c(3') 3703 difference Fourier syntheses during the later stages of 0(3') 4684 refinement, and their idealized locations were updated c(4') 3221 0(1') 2282 between cycles. Atoms related by the approximate, c(5') 3306 non-crystallographic, translational symmetry operation 0(5') 4231 (1) 548 (5) (4) -1188 (2) 265 (14) (4) -955 (2) 301 (15) (4) -1623 (2) 257 (13) (4) -871 (2) 257 (13) (3) -1302 (1) 338 (11) (4) -674 (2) 247 (13) (3) -210 (1) 315 (11) (4) -1674 (2) 232 (13) (3) -2020 (1) 270 (10) (4) -1693 (2) 321 (15) (3) -2650(2) 411 (12) (2) (2) 308 (12) (4) 2804 (2) 272 (14) (3) 3216 (2) 413 (12) (3) 2558 (2) 298 (13) (4) 2140 (2) 244 (13) (1) 1838 (1) 433 (4) (4) 2010 (2) 244 (13) (4) 2209 (2) 280 (14) (4) 1689 (2) 248 (13) (4) 2515 (2) 263 (13) (3) 2147 (2) 342 (11) (4) 2777 (2) 271 (13) (3) 3321 (1) 342 (11) (4) 1798 (2) 265 (14) (3) 1363 (1) 305 (11) (4) 1856 (2) 353 (16) (3) 919 (2) 467 (13) (4) 6308 (2) 322 (13) (4) 6544 (2) 295 (14) (3) 6975 (2) 394 (12) (3) 6261 (2) (2) 268 (13) (3) 6156 (2) 364 (12) (4) 4785 (2) 280 (14) (3) 4637 (1) 335 (12) (5) 4585 (2) 374 (17) (4) 4644 (2) (F o --F~) 2/(n _ p)] u2, where n = 3972 reflections and p = 460 variables}, were 0.043, 0.047 and 1.40, respectively. The average shift on the final round of refinement was less than 20% of the estimated standard deviation. All refinements were performed with the XRAY system (Stewart, Kruger, Ammon, Dickinson & Hall, 1972) . The final atomic parameters are given in Table 1 .*
Structural details
Drawings of the molecules, including bond distances and angles, are shown in Fig. 1 . Differences in pseudouridine ring bond angles in comparison to those observed in other diketo pyrimidine structures are attributable to the substitution of the C(5)-C(1') bond for the normal glycosidic N(1)--C(I') bond, and are comparable to those observed in a-pseudouridine (Rohrer & Sundaralingam, 1970) . The C-S bond distances are in the short end of the range reported for other thio-substituted pyrimidines" 1.645-1.684/k in a review of several structures (Saenger & Suck, 1971 ), 1.669 A in 1-methyl-4-thiouracil (Hawkinson, 1975) , and 1.677 A in 2-thiouridine (Hawkinson, 1977) . This difference may reflect an increased degree of doublebond character in the C (4)--S bond in this structure. Torsion angles descriptive of the molecular conformation are given in Table 2 . We follow the definition of the angle Z [C(6)-C(5)-C(1')-O(1')] established by Rohrer & Sundaralingam (1970) as this allows comparison with values determined for other nucleosides. By this definition, all three molecules are in the anti conformation. The sugars are intermediate in conformation between C(3')-endo and C(4')-exo. The C(3')-endo conformation has been commonly observed in pyrimidine nucleosides (see, for example, the review by Sundaralingam, 1975) . Indeed, in the structure of uridine (Green, Rosenstein, Shiono, Abraham, Trus & Marsh, 1975 ) the values of Z for the two independent molecules, both with C(3')-endo riboses, are 18.3 and 24.3 ° , which overlap with the values found in this structure. Illustrations were prepared with the aid of the program OR TEP (Johnson, 1965) .
Nucleosides are flexible in conformation about the C(4')-C(5') exocyclic bond of the ribose. All three possible conformations defined by the angle C(3')-C(4')-C(5')-O(5'), gauche + (about 60°), trans (about 180 °) and gauche-(about 300°), have been observed. In this structure, molecules A and B are trans, while molecule C is gauche-, and this difference, which constitutes the major conformational dissimilarity among the three molecules, may have implications in the packing scheme discussed below. Fig. 2 is a stereoview of the packing interactions. The head-to-head, tail-to-tail packing of the nucleoside molecules results in alternating layers of hydrogenbonded riboses and stacked, hydrogen-bonded bases. The hydrogen-bonded bases form two crystallographically distinct ribbons, both parallel to the b axis. Fig. 3 shows part of the ribbon composed of screwrelated molecules A. Fig. 4 shows the second kind of ribbon, composed of alternating molecules B and C, arrayed along a pseudo-twofold screw axis. The major conformational difference between molecules B and C is the torsion angle about the C(4')-C(5') bond, the molecules being otherwise quite similar. A careful examination of the figures reveals that the best position for the pseudo-twofold screw axis relating molecules B and C is not quite on the c axis, but that the pseudosymmetry is good enough that relocation of the origin to 0,0,~ or 0,0,~ would result in structures closely resembling the true structure. Such a false solution caused the initial difficulty with the structure determination. The pseudo-translational symmetry relating molecules A, B and C is further illustrated in Fig. 5 . Note that the intermolecular vectors C --, A and A --, B are very nearly identical, but that B --, C does not exactly overlap the other two. Were molecule C not shifted, with the concomitant ribose conformational change, the result would be a new unit cell ] of the volume of the observed cell. The packing would then be identical to that found in a number of pyrimidine nucleoside structures.
Packing details
The hydrogen-bond distances and angles are given in Table 3 . The sequence of hydrogen bonds involving ribose hydroxyls is O(2')H...O(3')H...O(5')H...X. In many nucleoside structures the O(5')H...X interaction is weak, as in, for example, 2-thiouridine (Hawkinson, 1977) , where X = S. In the present case, there are three different types of hydrogen bonds O(5')H...X, where X is O(2'), 0(3') or S, and all three interactions are longer than normal. This change in structure must be responsible for a slight lowering in energy resulting in the crystal structure having three molecules per asymmetric unit rather than one.
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Conclusions
It has been noted previously that the substitution of S for O in pyrimidine nucleosides has little effect on the conformational details of the nucleoside (Hawkinson, 1977) . As the structure of the fl isomer of pseudouridine has not been reported in the literature, a direct comparison with the present structure is not possible, though the 'normal' conformafional parameters of 4-thiopseudouridine would seem to support this conclusion. The activity of 4-thiopseudouridine as an inhibitor of pseudouridine metabolism may correlate with the greater length of the C-S bond, the larger van der Waals radius for S, or the decreased ability of S to participate as an acceptor in hydrogen bonding, compared to O, or with an altered conformation of the nucleotide as it is bound to the enzyme active site. In the present structure, only one of the S atoms is involved as an acceptor in a weak interaction.
